Abstract. This study investigated the optimal conditions for preparing desulfurizing stalk carbon, using corn stalk as a raw material and zinc chloride as an activator. The structure of stalk carbon was characterized using thermogravimetry (TG), fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Brunauer -Emmelt -Teller (BET). Results found no significant difference in stalk carbon desulfurization properties when using stalk skin, core, or a skin-core mixture as raw material. The desulfurization performance of stalk carbon prepared using a skin-core mixture, was the most effective when the material : liquid ratio was 1:2; activation temperature was 350 °C; and activation time was 70 min. The corresponding H 2 S adsorption time was 74 min. The large specific surface area of 562.28 m 2 /g and abundant pore-volume of 0.3851 ml/g was found in the desulfurization stalk carbon prepared using these conditions. The increase in micropores and the abundant oxygen-containing functional surface groups were conducive to H 2 S adsorption. The desulfurization products were found to be mainly elemental S and sulfite.
Experimental details

Preparation of corn stalk carbon
The skin and core of corn stalks were stripped and crushed through a 40-mesh sieve. A 3 mol/L ZnCl 2 carbon activator solution was prepared and the corn stalk material was dipped into the ZnCl 2 solution at different corn stalk/ ZnCl 2 material liquid ratios (m/V) for 24 h. Corn stalk material was then dried in an oven and placed in an N 2 atmosphere muffle furnace for 50-90 min with an activation temperature of 300-600 °C. The product was cooled to ambient temperature and particles were washed with water to remove ZnCl 2 from the material. The material was then dried at 85 °C for between 0.5 to 0.8 h, to obtain corn stalk activated carbon (AC). The mass of carbon materials prepared from each preparation batch, was approximately 2.0 g. AC can be formed from different tissue
Introduction
H 2 S is a common air pollutant generated by petrochemical plants, gas plants, sewage treatment plants, paper mills, and other industries (Latos, Karageorgos, Kalogerakis, & Lazaridis, 2011; Bouchy, 2011) . H 2 S is highly toxic and exposure to low doses can damage the central nervous systems of living organisms. It can also harm the environment and corrode buildings and steel as acid rain (Burgess, Parsons, & Stuetz, 2001 ; E. Y. Lee, N. Y. Lee, Cho, & Ryu, 2006) . Therefore, it is necessary to treat waste gas to avoid H 2 S emissions. Activated carbon adsorbents are widely used, especially using modified carbon. Some researchers have also used alkali modified activated carbon; metal ion can also be used (Shang, Li, Liu, Chen, & Huang, 2016; Zhang, Cui, Chen, Dong, & Tang, 2018; Danh, Teresa, & Bandosz, 2005) . In recent years, researchers have assessed the ability of many novel carbon materials to absorb malodorous gases. For example, applied modified carbon nanotubes have been used to test the adsorption of H 2 S (Ali, Jafar, Alimorad, Mohajeri, & Mohamadmehdi, 2011) . Chen discussed the properties of H 2 S-adsorbing activated carbon fiber (Chen et al., 2010) , and Omar used types of maize stalk, including stalk core (ACc), stalk skin (ACs), and from stalk skin-core mixtures (ACm). Samples prepared under different process conditions are denoted by the system: ACRxTytz. In this expression, the material liquid ratio is Rx (R0, R1, R2, R3, R4), which refer to material liquid ratios of 1:0, 1:1, 1:2, 1:3, 1:4, respectively. The activation temperature was Ty; and the activation time was tz.
Adsorption performance test of H 2 S
Gas chromatography GC-9160 (China, Ouhua) was used to measure the H 2 S concentration, with the adsorption time of H 2 S used as an index to measure the desulfurization performance of stalk carbon. A sample of 0.2 g stalk carbon was placed in a long glass tube reactor (450 mm length and a 9 mm inner diameter). H 2 S (1005.2 ppm) was added to the reactor at room temperature, at a speed of 20 ml/min, with the H 2 S concentration measured in effluent at 5 min intervals. The time at which the H 2 S was detected in the gas chromatograph above the trace concentration (>20 ppm) was recorded. Following this, the H 2 S concentration was measured using the gas chromatogram every 2 minutes.
Analytical methods
Thermogravimetric analysis of samples was performed using a STA449C thermogravimetric analyzer (Germany Netzsch, with a N 2 atmosphere, and a heating rate of 10 °C/min, and a final temperature of 1000 °C). X-ray photoelectron spectroscopy (XPS) was performed using a PHI5700ESCA spectrometer (America, PHI), with an Al Kα (hv = 1486.6 eV) X-ray source, a target voltage of 13 kV, and target power of 300 W. Scanning electron microscopy (SEM) was performed using an FEI's Quanta 200. Infrared spectroscopy (FT-IR) was performed using a T60SXBFTIR infrared spectrometer (America, NICOLE). The specific surface area and pore structure were measured using a ASAP2020 (America, Micromeritic) surface area and pore analyzer. The specific surface areas of samples were calculated using the Brunauer -Emmelt -Teller (BET) surface area (Titus & Martens, 2011) method, and the pore volume and pore size distribution were calculated using the Barret -Johner − Halenda (BJH) analysis method (Majid Hayati-Ashtiani, 2012).
Results and discussion
Effect of material liquid ratio on stalk carbon desulfurization performance
The effects of different material liquid ratios (corn stalk/ ZnCl 2 ) on the desulfurization performance of stalk carbon are shown in Figure 1 (a: ACs; b: ACc). Figure 1a and Figure 1b show that stalk carbon without activation (material to liquid was 1:0) had the lowest desulfurization effects. Stalk carbon had the best desulfurization effect when the ratio of material to liquid was 1:2 (both ACsR2T400t60 and ACcR2T400t60) and an H 2 S adsorption time of up to 60 min. The desulfurization performance of the stalk skin carbon material was slightly better than the stalk core. A specific optimal volume of ZnCl 2 is needed when preparing carbon materials. This because when there is limited activator volume, the pore structure is not developed. This reduces the adsorption performance of the material (Church, Jasso, Björnerbäck, & Niklas, 2017) . However, when too much activator is applied, there is excessive activation and pore structure damage. This also affects the adsorption activity of stalk carbon. From a cost-benefit perspective, a low material liquid ratio is optimal, therefore the material liquid ratio was selected to be 1:2.
Effect of activation temperature on desulfurization performance of stalk carbon
The H 2 S adsorption time curves for stalk carbon prepared using different activation temperatures are shown in Fig temperature is low, the stalk organic matter is not fully carbonized and too few micropores are formed. This results in inadequate adsorption effects. When the activation temperature is very high, organic matter in the stalk evaporates easily, destroying the original pore structure and increasing the number of meso-pores and macropores. This significantly reduces the specific surface area (Li, Gu, & Zhao, 2010) . These results show that when the activation temperature was 350 °C, the stalk carbon had the optimal desulfurization performance (ACsR2T350t60 and ACcR2T350t60), with no significant difference observed between the skin and core. The adsorption time for H 2 S reached 70 min.
Effect of activation time on desulfurization performance of stalk carbon
H 2 S adsorption time curves for stalk carbon prepared with different activation times are shown in Figure 3 (a: ACs; b: ACc). There was no significant difference observed in the desulfurization performance of stalk carbon prepared from skin or core ( Figure 3 ). As activation time increased, the desulfurization performance of the two kinds of stalk carbon both initially increased, followed by decreasing desulfurization efficiency. When the activation time was 70 min (ACsR2T350t70 and ACcR2T350t70), the H 2 S adsorption time achieved an optimal performance of 74 min.
With an excessively long activation time, it may lead to sintering of part of the pore structure, reducing both the specific surface area and the adsorption capacity of stalk carbon. However, if the activation time is too short, the stalk activation will be incomplete, also reducing adsorption effects. Therefore, 70 min is the optimal activation time for stalk carbon. In summary, the optimal H 2 S adsorption effects of carbon materials prepared from stalk skin and core were observed with a material liquid ratio of 1:2, an activation temperature of 350 °C, and an activation time of 70 min. Figure 4 shows that the H 2 S adsorption time for stalk carbon prepared from the skin-core mixture was approximately 74 min (ACmR2T350t70), with no significant difference observed in stalk carbon prepared using the three different raw materials. Figure 5 shows the thermogravimetric curves (TG) for corn stalk raw material (a) and corn stalk raw material impregnated with ZnCl 2 at a material liquid ratio of 1:2 (b). Figure 6 shows the FT-IR curves for corn stalks prepared under different conditions. The TG curves ( Figure 5) show that the physico-chemical changes that occur in corn stalk during pyrolysis can be divided into three stages. The first stage is mainly water evaporation, where the temperature is between ambient temperature and 105 °C. The weight loss of corn stalk (Figure 5a ) was lower than the loss observed in corn stalk impregnated with the ZnCl 2 activator (Figure 5b ). This is because the ZnCl 2 agent is highly deliquescent, absorbing moisture from the environment and resulting in an increased weight loss ratio.
Analysis of surface functional groups of stalk carbon
In the second stage, the temperature range was between 105−400 °C. Figure 5b shows that the weight loss ratio is lower in the activated stalk carbon than in the stalk carbon alone (Figure 5a ). This indicates that adding a ZnCl 2 activator inhibits the volatilization of carbon materials, complicating the pyrolysis process. This stage is the medium temperature solution phase, where the chemical bonds of cellulose, hemicellulose and lignin are broken and rearranged. This resulted in the production of many volatile substances and high boiling point products. In this stage, solid carbon is generated along with CO 2 , H 2 O, and CO. At this temperature range ( Figure 6c ACmR2T350t70; Figure 6d ACmR2T400t70), the main remaining oxygen functional groups are carbonyl at 1614 and 1604 cm −1 , ether groups at 1114 and 1136 cm −1 (Soares, Camino, & Levchik, 1995; Zeng, Zhou, & Ai, 2013) .
In the third stage, cellulose pyrolysis occurs at the high temperature range of between 400−600 °C. The residual structure of cellulose undergoes aromatic cyclization, which mainly produces polycyclic aromatic hydrocarbons (D. Y. Choi, Lee, Jang, Ahn, & D. K. Choi, 2008) . In this temperature range (Figure 6e ACmR2T500t70; Figure 6f ACmR2T600t70), the remaining oxygen-containing functional groups were still mainly ether (1185, 1114 cm −1 ) and carbonyl (1606, 1601 cm −1 ) groups. This indicates that the groups that formed when the stalk was pyrolyzed at 200−400 °C persisted, and that new functional groups were not formed by increasing the pyrolysis temperature (Mcgrath, Chan, & Hajaligol, 2003 ). This conclusion is consistent with the findings on carbonization and activation of cellulose, as well as research on bamboo charcoal and rice husk charcoal (Shang et al., 2016; El-Hendawy, 2006) . Figure 6 shows that the wavenumber of all 6 samples showed an absorption peak at 3420−3434 cm −1 , which can be attributed to the stretching vibration peak of hydroxyl groups (OH). The wave number absorption peak at 1601−1644 cm −1 can be attributed to the carbonyl (C = O) absorption peak. The peak intensity (Figure 6b ACmR0T350t70 and Figure 6c ACmR2T350t70) in activated corn stalk was stronger than the peak intensity of corn (Figure 6a corn stalk raw material) . These datas show that the roasting process can significantly increase the number of oxygen − containing functional groups on the surface of stalk carbon, with the absorption peak at 1097−1185 cm −1 being attributed to the C-O-C structure.
Comparing the datas presented in Figure 6b and Figure  6c -6f show that adding an activator has no significant effect on the type of functional groups formed on the surface of the stalk carbon. These findings were consistent with past research .
2.5. Analysis of surface morphology and pore structure of stalk carbon Figure 7 shows a scanning electron micrograph (SEM) of carbon material. This figure shows that the prepared carbon materials have pipe-shaped channels. Channel walls are porous (Figure 7 a, b , c the pores in the channel walls are marked with circles), no significant difference was observed in the structure of these three materials.
In the case of ACmR0T350t70 produced without activation ( Figure 7 d) pipe-shaped channels have been formed, but channel walls are not porous. Therefore, this material shows relatively poor H 2 S adsorption effect. By comparing the pore structure of materials produced by the use of activation and without using it, it shows that activation contribute to the pore structure development (Tsai, Chang, & Lee, 1998; Mohanty, Das, & Biswas, 2006) . The pore structure and specific surface area of stalk carbon samples were measured to analyze the pore structure of the materials, as shown in Table 1 and Figure 8 . Table 1 shows that the specific surface area of carbonized material without activation by ZnCl 2 (ACmR0T350t70) was only 47.63 m 2 /g, with an average pore diameter of 5.99 nm. The large pore volume is due to contributions by mesopores and macropores with diameters exceeding 2 nm. However, the specific surface area of stalk carbon prepared with the addition of ZnCl 2 (ACmR2T350t70) increased to 562.28 m 2 /g, with an average pore size of 2.95 nm. In activated samples, the pore volume was 0.3851 ml/g higher due to a larger contribution by micropores, with pore size volumes below 2 nm account for 0.2044 ml/g. This indicates that the stalk activation processes are conducive to micropore formation. The specific surface area of stalk carbon after H 2 S adsorption decreased significantly, with no micropores detection. This indicates that adsorption reactions are mainly performed in micropores with a pore size smaller than 2 nm. H 2 S was oxidized until all effective pores of the catalysts were blocked by the oxidation products. Figure 8 shows the N 2 adsorption and desorption isotherms before and after H 2 S adsorption on stalk carbon (ACmR2T350t70). Figure 8a shows the adsorption isotherm of ACmR2T350t70. According to the IUPAC adsorption isotherm, the adsorption desorption isotherm of stalk carbon accords with a type I sorption isotherm. When the P/P 0 is in the low-pressure region, the sample begins to absorb a large amount of N 2 , indicating that the internal structure of stalk carbon is mainly microporous. Figure 8b is the adsorption isotherm of ACmR2T350t70 after H 2 S adsorption. The adsorption desorption isotherm of stalk carbon is consistent with a type III sorption isotherm. The key characteristic is the weak interaction between the solid surface and the adsorbed molecules. Figure 8b shows that there is no adsorption in the low − pressure section, which shows there was no micropore. In summary, micropores play the major role in the adsorption process. This is consistent with the research results of Chen; that study found that pores with size larger than 0.7 nm is conducive to H 2 S adsorption (Chen et al., 2010) . 
Analysis of products after H 2 S adsorption
To establish the valence state of S, X-ray photoelectron spectroscopy was used to analyze sample ACmR2T350t70 after H 2 S adsorption. Figure 9 shows the XPS fit of S 2p , and shows two distinct peaks. The electron binding energy peak at 164.6 eV belongs to elemental S, while the electron binding energy at 165.9 eV belongs to S in sulfite. This indicates that H 2 S was oxidized to elemental S, which was then oxidized to SO 2 , which could react with water to form sulfite. The dissolution and adsorption mechanisms of activated carbon can explain the process of desulfurization (Klein & Henning, 1984) . Stalk carbon adsorbs water in the gas to form a layer of water film. At the same time, H 2 S and oxygen enter the activated carbon pore by diffusion and HS − and active oxygen atoms are generated by ionization in the water film (Xie, Yi, Hu, Zheng, & Chen, 2011) . Finally, active oxygen atoms react with HS − to generate S and are deposited in the pores of activated carbon, as illustrated in equation (1):
Areas containing many oxygen containing functional groups are considered to be the catalytic center of activity. Studies have shown that increasing the concentration of carbonyl and ether functional groups on the surface of activated carbon can greatly improve the desulfurization capability of activated carbon (Wu, Huang, & Zhang, 2009) . Figure 10 presents the FT-IR curves for ACmR2T350t70 and ACmR2T350t70 after H 2 S adsorption. The ACmR2T350t70 (Figure 10a ) spectra contains a significant peak at 1116 cm −1 (C-O-C), while the spectra for ACmR2T350t70 after H 2 S adsorption ( Figure 10b ) the peak became invisible. This indicates that the C-O-C bond is the main reactive group involved in desulfurization.
Conclusions
Corn stalk skin, core, and skin-core mixture were compared as raw materials. ZnCl 2 was used as the activator to prepare the activated stalk carbon. Results show there were no significant differences in the capacity of carbon materials to adsorb H 2 S prepared from different parts of the stalk. When the activation temperature was 350 °C, the ratio of material to liquid was 1:2 and the activation time was 70 min. In contrast, when mixed material was used, the time required for H 2 S to adsorb to the stalk carbon was 74 min. Structural analysis showed that oxygen containing functional groups on the surface of stalk carbon increased after calcination. There was no significant change in the composition of functional groups on the surface of the activated carbon after adding the activator. However, many pores formed on the surface of stalk carbon; the contribution of micropores to the total pore system reached 53.1%, indicating that micropores may be the main sites for H 2 S adsorption.
The results of XPS showed that H 2 S existed mainly in the form of elemental S and sulfite, which was consistent with known dissolution and adsorption mechanisms for activated carbon. In addition, the presence of oxygencontaining functional groups of (C-O-C) on the surface of stalk carbon was also found to play a major role in the catalytic oxidation of H 2 S.
Stalk carbon adsorbs H 2 S and converts it into elemental S and sulfite. Based on the effects from H 2 S adsorption and removal, we found that the chemical adsorption reaction dominated the process.
